We report on further developments of a hybrid numerical model to simulate wave-induced sediment transport. A 2D numerical wavetank (NWT) based on fully nonlinear potential flow (FNPF) equations is used to simulate fully nonlinear wave generation and propagation. A 3D Navier-Stokes model with large eddy simulation (LES) is coupled to the NWT to simulate complex turbulent flows near the ocean bottom or around obstacles. Wave kinematics in the 2D-NWT thus forces flow simulations in the 3D-NS-LES model, and resulting sediment transport over the seabed and around a partially buried obstacle. The latter is calculated in a non-cohesive suspended load transport model simulating the (scalar) sediment concentration, using a constant settling velocity. The 2D NWT is based on a higher-order boundary element method (BEM), with explicit 2nd-order time stepping. The computational grid, thus, is the 2D-NWT boundary and the 3D-LES near-field domain. In the present new formulation, the total velocity and pressure fields are expressed as the sum of irrotational (incident/far-field) and near-field viscous perturbations. The LES equations are formulated and solved for the perturbation fields only, which are forced by the incident fields computed in the NWT. The feasibility of coupling the models in an efficient manner is demonstrated.
INTRODUCTION
Despite the vast increase in performance of modern computer clusters, in numerical simulations of complex flow problems, for optimum efficiency, one typically limits the numerical model "physics" (i.e., such as represented in its equations and boundary conditions) to that necessary and sufficient for solving a given problem. For problems with multiple scales or large inhomogeneities in model domain geometry and/or nature, the minimum required "physics" might turn out to be different for different parts of the computational domain (e.g., the wave shoaling zone and the surfzone). Hence, one is faced with either using the more accurate physics everywhere (a costly choice) or adapting it to the nature of the problem, in various parts of the computational domain. The latter is best achieved through model coupling or, even better, through using a hybrid model, in which say two different models' equations and numerical procedures are fully integrated with each other and, if necessary, feedback from the second model onto the first one may be simulated.
Coupled/hybrid models have been used for ocean wave simulations. Once generated, waves closely behave as irrotational inviscid flows, well simulated by potential flow theory up to overturning (New et al. 1985; Grilli 1997; Dommermuth et al. 1998) . [Note, when using fully nonlinear free surface boundary conditions, one refers to these models as "Fully Nonlinear Potential Flow" models (FNPF) .] Interactions of waves with ocean structures or the beach, however, cause flow separation and/or breaking, requiring the use of viscous/turbulent models, with a free surface description that allows for the representation of breaking waves (as in a Volume Of Fluids (VOF) approach; e.g., Lin and Liu 1998; Lubin 2004) . Such models typically solve 3D Navier-Stokes (NS) equations over a fine grid, and are thus very computationally intensive. They may also suffer from excessive numerical dissipation over long distances of propagation, implying that incident gravity waves would dissipate their energy in an excessive manner when propagated in large domains. For this reason, coupled (or hybrid) FNPF-NS-VOF models were developed in 2D and 3D to study wave shoaling and breaking on slopes and beaches, and wave-structure interactions (e.g., Biausser et al. 2004; Helluy et al. 2005; Corte and Grilli 2006) . In these problems, incident waves in the FNPF model were either 2D FNPF solitary waves, wavemaker generated long waves (Grilli 1997) , or 3D extreme periodic waves (a.k.a., freak waves) generated through directional focusing (Fochesato et al. 2007) . Gilbert et al. (2007) similarly developed a 2D-FNPF/3D-NS hybrid model to study wave-induced sediment transport and scouring around bottom obstacles (Fig. 1) . "Far-field" waves are generated in the 2D-FNPF model (by a wavemaker on ¡ ; Grilli and Subramanya 1996 (GS); Grilli and Horrillo 1997 (GH); Grilli et al. 2003 (GE) ) and propagated over a sloping bottom, up to close to breaking (before dissipation in an absorbing beach; AB). Energy dissipation due to bottom friction or breaking is specified over the (sandy) slope (for
) and in the absorbing beach for
. A small partly-buried cylinder is located on the bottom, just before the surfzone. The FNPF model thus computes forcing wave fields around the bottom obstacle, that are used to force a coupled 3D-NS model, with embedded sediment transport computation, applied in a "Near-field" computational domain specified around the obstacle.
In this paper, we report on both recent improvements and validations of this hybrid model for wave-induced sediment transport. In the present formulation, the total velocity and pressure fields are expressed as the sum of irrotational (incident/far-field) and near-field viscous perturbations. The NS equations are formulated and solved for the perturbation fields only, which are forced by the incident fields computed in the NWT. The feasibility of coupling the models in an accurate and efficient manner is demonstrated in applications.
METHODOLOGY
We briefly present equations for the coupled hybrid model, whereby the irrotational wave flow in a 2D-FNPF Numerical Wave Tank (NWT) forces computations in the 3D-NS model with Large Eddy Simulations (LES).
2D Numerical Wavetank
For FNPF flows with a free-surface, we define conservation becomes Laplace's equation (left), which is efficiently solved using a Boundary Element Method (BEM) based on Green's 2nd identity (right),
, with ¢ a collocation node on the boundary. Fully nonlinear kinematic and dynamic boundary conditions are specified on the free-surface
respectively, where
is the vertical coordinate, and a (Neumann) no-flow condition is specified on the other boundaries, whether a moving wavemaker ( For the 2D-NWT applications shown in this manuscript, including determining the solution at internal points, details of numerical methods can be found in Refs. (GS,GH,GE).
3D-NS with Large Eddy Simulations
NS equations for an incompressible, isothermal, Newtonian fluid read, 
[Which is quite accurate in nature, outside of a thin oscillatory bottom boundary layer.] After some simplications, we find equations for the perturbation fields,
By applying a filter (denoted by an overbar) to NS equations we obtain a momentum equation for the resolved perturbation flow,
where the subgrid scale (SGS) stress is defined as,
and modeled in the LES with a Smagorinsky scheme.
The resulting equations are discretized similar to Zang et al. (1994) and Cui and Street (2001) , i.e., using 2nd-order methods in both time and space. QUICK (Leonard 1979 ) is used to discretize the convective terms of the fluid flow, and 2nd-order differences are used for the remaining terms. The convective terms are integrated in time using the 2nd-order Adams-Bashforth technique, and the diffusive terms are treated with an 2nd-order implicit Crank-Nicolson scheme. The Poisson equation for the pressure field is solved with a multigrid technique. Note, in our hybrid approach, the 2D-FNPF BEM model computes the ¤ fields at the NS mode grid points, directly and explicitly from the boundary solution at time , without any additional approximations.
Non-cohesive Sediment Transport Model
In work in progress, the strongly coupled hybrid model (2D-NWT and 3D-NS-LES) is used to simulate non-cohesive sediment transport and resulting scouring around a partially buried rigid object on the bottom (Gilbert et al. 2007 ) , induced by fully nonlinear irregular (Greene 2008) 
where § ¨ i s sediment fall velocity (function of sediment properties, size and shape). Consistent with the common assumption that the turbulent Schmidt number is near unity, the same Smagorinsky SGS turbulence model is adopted for the fluctuation terms in both the momentum and sediment concentration ( 3 ¥ ) equations. SHARP (Leonard 1988 ) is used to discretize the advective terms of the suspended sediment concentration. 
APPLICATIONS
We present here recent 2D-NWT/3D-LES hybrid model simulations, formulated for the perturbation fields as detailed above, namely cases of wave-induced flows near a smooth or rough bottom, and sediment transport induced around a partly buried cylinder.
Oscillatory Laminar Boundary Layer
The idealized Stokes problem is first used to investigate the hybrid model's accuracy and convergence. This represents an oscillatory flow over a smooth (infinite) solid plate, for which there is an analytic solution. The irrotational flow forcing the NS model, here, is simply a specified uniform harmonic current . Hence, by comparing the numerical and analytical solutions, both the NS model result accuracy and convergence rate can be assessed as a function of grid size and time step. ). Line (-) is a best power fit to the data, and (----) shows the 2nd-order convergence.
To do so, we set ). Errors reduce as expected when reducing either grid size or time step and closely follow (or outperform) the 2nd-order convergence, expected from the model's discretization and time integration schemes, in the typical range of parameter values.
Oscillatory Turbulent Boundary Layer
This problem is similar in set-up and flow forcing to the previous one, but now for an oscillatory flow with higher Reynolds number over a rough flat plate. This creates a turbulent oscillatory boundary layer flow structure, for which there is no longer an analytical solution. In this case, model results are compared to Jensen et al.'s (1989) laboratory experiments, performed in an oscillating water tunnel (Utube), with flows driven by a pressure gradient. The bed roughness was 0.35 mm in experiments (sand paper). For this case as well, there is no need for running the NWT, but results nevertheless allow to assess the accuracy of all the important features of the NS-LES model, i.e., regarding flow forcing, bottom boundary condition, and turbulence representation. A new parallel implementation of the code is also being validated here.
The NS-LES model physical parameters are selected to match experiments (case 13) with and compared to experimental measurements. ) is in reasonable agreement with measurements at the same phases of the flow. This confirms the overall soundness of the NS-LES model in representing turbulent oscillatory boundary layers, such as typically induced by ocean waves near the rough seabed. The good agreement of turbulent flow features, in particular, is key to the correct modeling of the suspension and transport of fine non-cohesive (i.e., sandy) sediment. This is illustrated in the next application of the full hybrid model.
Sediment Transport Around Bottom Obstacle Due to Periodic Waves
In this application, the set-up is similar to that shown in Fig. 1 , and also detailed in (Grilli et al. 2003; Gilbert et al. 2007 ). Periodic FNPF waves are generated in the 2D-NWT and propagate over a small partly buried cylinder. The NS-LES model domain is a small box located around the obstacle and enclosing a small portion of the seabed with it.
Here, we present typical results of flow and sediment transport induced over a flat bottom, around a 75% buried circular cylinder of 8.4 cm radius, in a sandy seabed ( ) are typically discretized with only 7-11 nodes. Bottom discretization (on 2 ) are usually a little coarser than on the free surface, but horizontal node spacing ( ¢ ) is reduced on the bottom under the NS-LES domain, in order to increase the accuracy of integrals used to compute internal fields in the BEM solution. Initial time steps are selected based on the free surface node spacing, to satisfy the optimal mesh Courant number, and subsequently automatically adjusted. Typical CPU times in the NWT are less than one second per time step on a desktop computer.
Here, the NWT was run without bottom friction, and with no regridding applied on the free surface, because no long term computations were required for such simple periodic waves; in fact only a few (10) periods of wave forcing were used in the NS-LES model. An absorbing beach AB and an absorbing piston AP (Fig. 1) are specified in order to damp incident wave energy and eliminate (or reduce) wave reflection at the NWT extremity. The immersed boundary is located above the actual grid boundary so that the total flow domain height is 0.17 m (discretized by 95 points in the vertical direction over the flat regions). The obstacle protrudes a vertical distance of 0.042 m into the flow. The wave forcing is two dimensional, as is the bed and, based on our previous work (Gilbert et al. 2007 ), the main structure of vortices in the vertical plane is not significantly influenced by cross-stream resolution in channel flows. Accordingly, we used a smaller number of of cross-stream grid points, assuming that while the flow will not be as well resolved in that direction, the results in the vertical plane are not noticeably impacted. No change in the model or setup, however, is required to increase the cross-stream resolution, but the computer time required increases rapidly as one does that. [Such cases with finer lateral discretization will be run in the near future, with the newly developed MPI parallel version of the code, on large computer clusters.]
LES model discretization. The NS-LES model domain dimensions are
For the coupled 2D-NWT/3D-NS simulations with a periodic wave flow, wave forcing is computed in the NWT at the grid cell centers of the the fixed embedded NS-LES domain around the obstacle. Thus, the NWT provides the far field velocities and free-surface wave forcing throughout most of the domain , while the embedded NS solution provides a well-resolved description of the wave boundary layer within its domain, with no slip enforced at the bed. Wave generation is ramped-up over three periods in the NWT and computations are performed until a quasi-steady regime is reached. This usually takes 10 wave periods or so. Internal velocity fields are then calculated in the NWT to both initialize and subsequently force the NS-LES model. There is no NWT forcing in the transverse direction for this 2D flow, but turbulent fluctuations will carry momentum laterally to the main flow direction, in the NS-LES model. Characteristic of all boundary layers, velocity profiles shown in Fig. 5 tend to zero along the bed, with larger near-bed velocities surrounding the crest of the cylinder. Shear layers form in the lee of the obstacle during wave phases where the velocity tapers off from its maximum value, as would be expected for a typical oscillatory flow case. As the flow slows enough so that it is about half its maximum value, some of the near-bed velocities reverse and form what looks to be the beginning of a typical lee vortex. However, as the flow slows to zero, the pressure gradient distribution on the cylinder from the NWT acts to intensify the flow in the direction down the slope. This jet of fluid is now moving in the direction opposite to the new flow direction. After the flow switches direction, this near-bed jet of fluid, which opposes the new main flow direction, rolls up into a spanwise vortex on the stoss side of the cylinder.
As expected, the sediment transport patterns in Fig. 6 follow the flow field very closely. However, the entrainment patterns differ significantly because the boundary condition along the cylinder enforces the condition ¥ ¦
. Strictly, this is only a first approximation to the correct boundary condition, which would allow for deposition and subsequent pickup on the obstacle boundary 2 . For the case studied here, this approximate boundary condition may have contributed to oscillations in the concentration profiles, which eventually lead to somewhat unrealistic behavior in the sediment concentration field. In general, sediment is picked up where the shear stresses are greater than critical along the flat bottom regions both upstream and downstream of the cylinder. It is then oscillated back and forth over the mine due to the action of the flow. More details and discussions of such flow and sediment patterns can be found in (Gilbert et al. 2007 ).
SUMMARY AND PERSPECTIVES
The validations and applications of hybrid model coupling methodologies presented here show that, by seamlessly combining and integrating the best features of different fluid models, with different (but relevant) "physics" (and/or spatial and temporal scales), in various parts of the fluid domain, one can achieve both an accurate and efficient solution of complex free surface flow problems, including in the presence of structures and with complex seabed dynamics.
While the presented applications were only aimed at both illustrating and validating model features, and hence were of limited complexity and size, the recent MPI parallel implementation of the models on very large computer clusters makes it possible simulating problems of increasingly practical interest and relevance to various fields of engineering. Such tools can also be used to investigate and gain insight into complex physical processes involving, e.g., turbulent boundary layer flows, the interaction of those with rigid structures, and/or a moving bed, and the sediment transport that might result.
While the present paper was devoted to the coupling of FNPF-NWT and a (submerged) NS-LES model, which have been spearheaded by Grilli and coworkers, the same hybrid approach can of course be (and is being) used to couple other types of models, such as FNPF/HOS (Higher-order Spectral) or NWT models with NS models around surface piercing fixed or floating structures (e.g., Alessandrini 2007) , or long wave model with NS-VOF or SPH (Smoothed Particle Hydrodynamics) models; this currently being researched by various other groups.
Although this aspect has not been used here, the 2D-NWT was recently improved (Greene 2008) , both in efficiency for large discretization (through using a localized Green's function leading to sparse matrices, and a MPI parallel implementation) and in its generation of well-controlled irregular wave sea states, e.g., such as generated using a flap wavemaker motion based on a specified JON-SWAP energy spectrum. A few iterations are performed in the generation, until the target spectrum is satisfactorily created in the NWT (e.g., Fig. 7 ). Once the development and implementation of the full hybrid model are complete, including the possibility of running the model on very large computer clusters, such irregular wave forcing will be used to perform more realistic long term simulations of wave-induced sediment transport and resulting scouring or burial of a bottom obstacle. The latter aspect of moving bed is still being developed and validated.
